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ABSTRACT

This report covers the results of investigations directed
toward studying the effects of novel aromati- diamine
structures on epoxy adhesive properties and _.:zludes work
dorie under a modification to the criginal contract. The
results accomplished under the original contract have
been reported in NASA CE-145022.

Three aromatic diamines based on diphenylsulfone and
benzophenone were studied as epoxy adhesive curing
agents. Previously found differences in adresive
strengths for meta vs para orlientation were not found
in these series.

The 1se of aluminum and alumine as fillers in a m,m’'-
methylene dlaniline-cured epoxy adhesive was no< found
to be beneficial to adhesive strength. Alumina filled
adhesives had much lcwer strerngth than unfilled adhe-
slves. The unfilled m,m'-methylenedianiline-based epoxy
adheslive had excellent resistance to moisture re.ative
to a p,p'~methylenedianiline-tased adhesive and rain-
tained good strengths up tc 250°7%,

A giass fiber cormposite based on a m,m'-methylene-
dianiline-cured epoxy arppeared tc be eguivalent to the
p,p'-methyleredianiline-cured epoxy as Judged by short
beam shear tests.
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FOREWORD

This report was prepared by Monsanto Research Corporation,
Dayton Laboratory, under Contract No MNAS1-13682, Modifi-
cation No. 1, "Exploratory Study on the EZffects of Novel
Diamine Curing Agents and Isocyanate Precursors on the
Properties cf New Epoxy and Urethane Adhesives", for the
Langley Research Center of the MNational Aeronautics and
Spare Administration. r. Vernon L. Rell served as i o~
Ject manager.

The work was nerformed at the Dayton Latoratory c¢f
Monsanto Reseerch Corporation dby Dr. D. G. Glasgow,
project leader,

The authors are indebted to Dr. J. 4. Butler for his many
eipful suggestions and stimulatirg discussiors. Also,
“he czpable assistance of Mrs. C. Fritsch and Mr. D. L.
Sheopard, who conducted the physical tests, is appreci-
acsed,
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EXPLORATORY STUDY ON THE EFFECTS OF
NOVEL DIAMINE CURING AGENTS AND ISOCYANATE PRECURSORS
CH THE PROPZRTIES OF NEwW EPCXY AND URETHANE ADHESIVES

by

D. Gerald Glasgow
Clayborn Garthwail:
Monsanto Research Corporavion
Dayton Laboratory
Dayton, Onio 45407

SUMMARY

Task A

The effect on adhesive strengths of mecta vs para orien-
tation of amine substituents for two aromatic clamine
palrs was examined. The tensile shear and T-peel
strengths of m,m'.diaminodiphenylsulfone (m ,m'-DADPS)
and p,p'-diaminodiphenylsulfone (r,p'-DADPS) were found
to be very comparable uncer the cure conditions used.
The occcurrence of cohesive fallure In both systers
suggests it may be possible to ohisain 8till greater
strengths than were found in this brief study. The
handling characteristics of adhesive formulaticns based
on these two diamines were very similar. The amines
dissolved at 135°C readily. Tne mixtures were processed
at 100°C to obtaln formulations fluid ercugh te permit
easy sprealiing.

A compariscn of m,m'-diaminobenzophenone {m,m'-DABP)
and p,p'~diaminobenzophenone (p,p'-DABP) was ot pos-
sible. Attempis to incorporate p,p'-DABP in an epoxy
resin with the use of heat only resulted in rapid cur-
ing once the amine dissolved. Efforts to prepare a
B-stage resin through the usc of a sclvent (e.g. df~
methylacetamide) were successful but solvent traces
caused bubble formaticn in the bond line and conse-
guently low adhesive strengths were found.
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Task B

Optimization studies begur. mmder the flrst phase c¢f this
project were continued with exaination of the eflect of
alumina and aluminur fillers, pr.rors, a study cf the
moigture resistance of m,m'- and p,p'-methylenedianiline
(mym'-MDA and p,p'-MDA) adhesively gonded structures, and
a detercination of the eflfect of temperature on adhesive
strength of the same two adhesives.

It was feund that use cf twenty weight percen* alumina
filler reducesz bond stren,ch almos=t fifty percent in e
m,m'-MDA curea epcxy adhesive. The relationsh’p between
alumina content and tenslle shear strength s not linear
and only slichtly greater strength 1osses are noted at
the fifty welght percent ievel. The use of epoxy and
amincfunctional silane prirers for the alumira results
in oniy ebout a thirty-five percent loss in ternsile
shear strength relative to arn unfilled system. However,
somewhat surprisingly use of primer on the adherend is
not beneficial.

The use of twenty weight percent aluminum pcwder zs a
filler gave a slight reduction in tensile shear strength
relative te an unfilled system. The use of prirmers was
veneficlal wher they were applied *o either the zdherend
cr filler wlth the best strengths being obtained when
primers were present on both. However, the best corti-
naticn of primers for aluminum filler and acherend did
not increase the tensile shear strength significantly
over an unfllled syster.

The moisture resiztance o a m,m'-MDA-curec Epon £2¢
adhesive was shown to be quite gooc. Aging for thirsy
days at 12C°FP/95% RH resulieé in less than 10% decrease
in tensile she:r strergth and no loss in T-peel sirength.
In contrast a p,p'-MDA~-cured Epon 828 lost 25% of ‘+s
tensile shear strength in <he same period.

Determinaticn of the tensile shear and T-peel strengths
of m,m'-MDA =2nd p,p'-¥DA-based adhesives vs temperatura
shewed the m,m'-MDA system Lost strength more rapidly
but still had strength comparablile to the p.r'-MDA system
at 250°F.
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Task E

The effect of rmeta vs para orientation of amine func-
tions on composite strengths wes studied briefly by
preparation of 13 ply composites. Short beam shear
strengths of 31.5 x 105 N/m? and 28.5 x 10% N/m2 were
obtained for m,m'~-MDA and p,p'-MDA-based composites
respectively. It is doubtful that this difference can
be consldered significant.

INTRODUCTICN

The objective of this research program was to determine
the effects of novel aromatic diemine curing agents and
isocyanate precursors on the properties of rew epoxy
and polyurethane adhesives. The original program had
four tasks, two dealing with epoxy and two with poly-
urethane adhesives. In Task A the effectiveness of
five novel aromatic diamines as curing agents for
epcxies was investigated. In Task B a particular dia-
mine curing agent was chosen for additional study to
optimize an epoxy adhesive formulation based on thsat
diamine. The effectiveness of three novel aromatic
cdlamines as a curing agent for polyurethane adhesives
was investigated under Task C. TWc experimental aro-
matic diamines were converted tc diisccyanates and
studfed in conventional polyurethane adhesive formula~
tions in Task D.

The mcdifled contract expanded Task A to include three
more aromatic diamines. Task B wes expanded to cover
mere optimization work and property characterization.
A new Task E was included tc briefly study an epoxy/
glass composite basec on the resin chosen in Task B,

This report covers work perfermed during the period
28 September 1976 tc 31 Mareh 1977.
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RESULTS AND DISCUSSION

Task A, Sereening of Zpoxy Adnesives

The cblective of this task was to expand the evaluaticn
worx done on Task A of the initial project and study the
affect of structure on achesive propertie: of two rore
psp'-m,m' diamine palrs. #Work at NASA Langley and under
the inltial phas=s of this zontract nad shown that some
mym'-grematic diamines conslistently gave higher adnesive
strengths n grolylmide and epoxy adhesives than thelr
r,p' counterparts. The two addltional ciamine rpairs
11iustrated below were therefore studied.

=

\

\
4,N NH,

r,p'-DABP

/Iiijffsof\[iii PRI
Q 1 |
H,N XN, XX

£,p "-DADES m,m'=-DADPS

Peactiviiy and Pot Life

The handling characteristics of the above diamines were
devermined in the sare manner as reported vrevicusly
(Ref. 1}). The datz obtained are given In Table I and
compared to p,p'-methylens dianiline {p,p'-MDA) and
m,m'-methylenedianiline (m,m'-%DA). These latter two
diamines represent the state-of-the-art and the best
diamine from the previcus work on Task £ respectively.
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Table I

PROCESSING CHARACTERISTICS OF
AROMATIC DIAMINE/EPON 828 MIXTURES?

Mixing' Diamine
Temp. |ViscositySpreadability|Crystallization
Diarine °C at Temp. jat Room Temp.| at Room Temp.

p.p'-¥CA 160 low good no
mym'-MDA 100 low good no
p,p'~-DABP | V133 -- - -
m,m'-DA3P 125 low pcor yesc
p,p'=-DADFS| 135 low noned no
m,m'-DADFS} 135 low none ne

?Stoichiometric mixtures

cSet; up before all diamine wen® into solution
dCrystals formed at BC°C

Formulation handled at 100°C

The p,p"=-DA3?P bascd formulation reguirea very high temper-
atures Yo obtain a szlution. At temperatures of 200°C 1t
dissolved readily but also set up much teco rapidly tc be
useful. Attermpts to utilive lowar temperatures resulted
in the formulation setting up pricr to complete solution
of the diamine. 3everal attempts were made %o B-stuge
the p,p'-DABP forrulation at a lower temperature in a
solvent and so achleve solubility of the diam‘ne without
having the mixture set up. The formulation is soluble

in dimethylforramide, dimethyvlacetamide (DMAC) and N-
rethyipyrrolidone. Less polar solvents were evaluated

Wwn
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but rnone were effective. The formulatior was success-
fully B-:aged in DMAC osut we were unable to remove
endugh of the solvent to allow preparation of tutble
free adhesive Joirnts. The limited success achieved
indicated that a techrilg¢ue for preparaticr of a solivent
free system could be developed but the necessary tire
was not avaiiable in this precject.

The m,m'- and p,p'-isomers of DADPS had very sir~ilar
handling characteristics. Resin temperatures of 125°C
were requirea to dissclve them and no c¢ryscallization
occurred on ccciing to rcom temperatures. The =ixtures
were mmuch tce viscous to be spread at room termperature
and temperat.res of 10C°C were used to permit easy
spreading.

The pet lives of the m,m'- and p,p'-DADPS systems were
compared at 100°C using the apparent viscosity vs time
technique decscribed In Ref. 2. The data obtained are
presented graphically in Figure 1. XNote the very cdefi-~
nite structurel influence on reactivity. Trhis is
undoubtedly a2 reflection of the difference ir basicities
between the two amines caused by the more powerful elec-
tren withdrawing effect of a para vs a meta sulforyl
grcup. The data for p,p'-DADPS indicate a pct 1ife at
10C°C in excess of six hours whereas the literature
quotes a value of three hours at 1C0°C {(Ref. 2). The
reason for the discreparncy is not known. The instrument
used or the viscosity measurements was checksd and found
to be functioning prcrerly Also the formulation used for
the visccsity measurements was used to mzke achesive
samples and trese gave the expected strengih values nd’-
cating no prcblems in s<oichionetry.

Adhesive Prcoperties

The stoichiometry suggested in the llterature for p,p'-
DADPS~cured Epon 828 type forrulaticns varles “rom 20-
30 phr (Ref. 2) to 33-38 phr (Ref. 3). A significent
diff'erence in rezctivity had been noted between the meta
and para iscmers. 3Based on these two !tems it was felt
that a brief study of the effect of stoichiometry on a
m,m'-DADPS/Zpor. 825~-tased adhesive system was in order.
Lap shear specimens were used to study the erTect. The
data obtained are given in Table II. Thnese data indi-
cate that comparable adhesive strerngths are cbtained
over a wide range of m,m'-DAD?S concentirations and that
mym'-DAD?S acts very similar <c p,p'-DADFS in this re-
spect. {(See Ref. 2, p.8-8 for the effect of p,p'-DADES
concentraticn cn prcoperties.)

6
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Apparent Viscosity, poise
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Table 11

EFFECT OF STOTCHIOMETRY GN TENSILE SYTAR STRENGTH OP
m,m'-DADPS/EPOK 828-BASED ADYEISIVES?

Tersile
Shear
Sample [3-olizhiometricilianire| Streazth Fajilure
No. Level, ¥ ohr N/me x 1376Qpsi Mode

191830~ 72 25 16.7 2L20}cohesive
-2 80 28 21.8& 3262fjconhestve
-3 89 31 20.0 2930}conesive
-4 98 ek 22.2 2220}jcohes: ve
191896-1 35 22 20.5 2270Ycohestive
-2 38 34 20.8 3020fcoheslive
-3 102 35 21.3 3:i82]conesive
-4 102 36 21.1 3060]conesive

8cure cycle was 1.8 x 10
r ~

N . nr) at L20°K (i27°¢C}
.- 2 %
foliowed by 3.5 x 107 sec {:

(=
hr) at &4723°K {(290°0%

Adnesive test specimens were prerared to directiy
mym'- and p,p'-TADFS using the sare cure cycle. T:
Ziven in Tatle TII indicate that the two svstems have

very comparable strengths. YNote that both systems failed
cohesively irdicating that optimization of the cure could

potentially lead to still higher strengtns.

m
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The tensile shear strength of a m,m'-DABP-based system
1s shown IZn Table II1 and compared with a ccmparable
sys<em prevared during the Tirst phase of this project.

Good renroducibility is indicated. These samples were
pre;qved tmoantizipation of delng a comparison with &
p,p'-DABP-cured epoxy adhesive
The glass transition temperatures of the m,m - and
p,p'-DADP3-based epoxies were measured via the Clash-
Berg technigue. The data given in Figure ¢ show the
slass transition temperetures of the myrm'- and p.p'-
systems S0 be 155°C and 200°C respectively.

Task 2. Optimization of Epcxky Adhesives

The work begun under the “irst phase cf this prcject
~as exvanded to incluce cetermination of the effect of
f21lers, study of the moistuare resistsnce of adhesive
specimens and the effex. of temperature cn lap shear
strengch., The adhesive used for these studles was
m,m' -¥DA~cured Zvon 3828. Where appropriate it was
compared with 2 similar p,p'~-MDA cured system.

Prior to beginning the optinizatior. studies standard
m,m'=¥Di-cured Epor 828 adhesive test specimers were
made w0 insure that the adhesive strengths fcund in
earlier work cculd be reproduced. A tensile shear
strength of 23.6 x 125 X/m2{4240 psi) (sample 161854,
Table IV) was obtailned under the same conditl:ns where
previcus work had giveh values of 38-3¢6 x 108 N/.-2
(51030=-5200 psi). This result initiated a studyv <
deterrine tre cause for the lacx of reprcducibili-y

A r,p'-MDs cured acheslive qimilavly gave a low tensile
shear strength (22.%5 x 10% N/m?) relative tco previously
obtained valaea of 26.8 x 10% N/m?. Both szmples ex-
albited cohestve fallure. The fact that cchesive fail-
ure was observed indicated that the probliem X3 concerned
withh the tulk properties of the adhesive rather than the
metal-achesive interface. This suggests prcblerms in
stoichiometry or cure cycie. These varizbles were
studied Turther. An adhesive prepared from fresh.y
purificd m,m'-MDA compared with as recelived m,m'-MDA
showed only a 1.3 x 10% H/m?2 difference in tensil.:
shear strengch (see samples 191888-1 arnd 2 of Tanle IV
Thi- variation was not sufficient to zcccunt Tor the
proc em.

e MONSANTG RESCARCH CCRFIFAT.ON @&




10°

- K
l- »,
-T&hhwomkuw
u \O""-o...
- \ \.
: } \.\
e \ \
::; ®
2 Hf:*
= m.m' - DADPS p.p' -DADPS
§ L
S0 1
: | \
2 TN
< - \\ ‘e
o \“ll .,‘..“
m3 \Eb«hnpo«fm°°“r
|
P-
102 )\ i 1 L P 1
0 40 %0 126 160 200 240 ya. 4]
Tempergture, °C

Figure 2.

Arparent Shear Modulus vs Temperature
for Aromatic Dlamine-Cured Eporn 828

¢ MONSANTD RESEARCH CORPCRATIN @

11




Determination of the equlvalent weight of the epoxy
resin gave a value of 189, only 2 units different from
+hat obtained during the first phase of the project.
These data indicated that stoichiometry was not the
cause cf the iow strengths. To confirm this, lap shear
specimens wers prepared con cifferent days using amine
levels that varied betweer G2 and 102% of theoretical.
m.a tenazlle shear strengths ottained 4id nc: show any
consistens variaticn with stoichiometry but appearsd 1o
depend more on the Gay in which they were prepared. The
data for sampies 161556 thru 191865 in Tadble 1V illus-
trate this ovolint.

The er-ire process of adheslve specimen preperation end
-egving was reviewed to deterunine if any uncontrolied
vartables could be identified or if any or the con-
trol-ed variables had changed relative to the prior WCrK.
The review determinsd the folliowing items:

1. The auminum being used came Irom the same 4' x 8'
sreet as used previousdy ard the grain of the lap
shear specimens rer in the same directlon.

2. The experimental worx was cone bty the sare Individ-
wal in the same laboratory and using the sare iots
of chemicals, water, diamines and Epon 828 as had
veen used previously. o variation in experimen®al
technigue could be Touau.

3. The curing and dry’ng ovens used were the zame and
recalibration shcowed nce difference in temperature
profile relative to prior werx.

5. Trhe tes: equipment was the sawe anc the tests vere
done by the same inidividual as previously. Recal-
ibraticn o the test equipment showed no variation.

In summary no contrclled or uncontrellied variable could
be feurd that would account for the obgerved variations
in tenslile shear strength.

The cure cycle study perTormed previously was redone
using a sinzle adhesive rmixture. Cure time variations
of 0.5 hr to 3.5 hr were used. The specimens cured at
200°C for 3.0 hr gave a tensile shear strength value of
35.2 x 10% N/r2, a value very comparable tc thcse ob-
tained previously. The strengths cbtained are given in
Table IV, samples 202509-_ thru 7. An attempt to repeat

$d
n
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this high strength in a subseguent preparztion gave a
value of 29.1 x 108 N/m? (sample 202522) suggesting
that perhaps adheslve bulk sirength was being influ-
enced by more than one variable. These studies did
not result in any definite conclusicn concerning the
problemn,

ome variations Iin surface treatment were studied
irpile 1918€7-) thru 202508-3) prior to recogniziic«
a

p

¥, the problem could not be the interface. Ko aig-

5
{
A
t
nificant variabliles were found.

5
h
1

A possible explanstion for the problem which could not

be studied in the short tipe available on the project

is the influence of adherend thickness. Guess, et al.
(Ref. 4) among others have shown that using ar adherend
that 1is too thlin can result in significant peel forces
during tersile shear iesting with resultant lowering of
t1e tensiie shear value obtained. This could potentially
be happening with the high strength adhesives being
sutdied in this project 1f small variaticns in adherend
thickness or strength occurred.

Effect of Fillers

A study of the effect of fillers was carried out In
spite of the fact that reproducitle adhesive strengths
couid not be obtained. It was felt that significant
influences of fillers would still be detectable. Alum-
inum and alumina were studied.

An alumina filled m,m'~MDA-cured epoxy zdhesive contain-
ing 50 weight percent Al,0; gave tensile shear strengths
considerzbly lovw ~ than arn unfilled adhesive. Tensile
shear strength values of 13 ¢tc 16 x 106 N/m2 (1850 to
2300 psi) were ottained in spite of variations in stoi-
chiometry, adherend surface roughness and use of a primer
for the aluminum acdherend (see samples 192866 thru
191876~4 of Table V). 1In all cases adhesive fallure was
found indicating that bulk adhesive 1s consideradbly
higher modulus than the unfilled adhesive therefore forc-
ing fellure to occur at “he interface.

It was shown that decreasing sirengths were obtained with
increasing filler levels. Alurina levels above about 30

welght percent gave somewhat comparable strengths as
shown by the data for samples 191859-2 thru 19328893-3.

13
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Table IV
ADHESIVE STRENGTES OR m,m'-MDA/ZIPCN 828-BASED ADHESIVES

Cure Cycle Tensi.e Snear } ’
{8} Strength :

Sam le S;zi5223b lexp. ilre ie) Faiiure R232é2325, .
No. Level, & |°K 1°C jses x 1073 |hrs)8/m? x 1078 pat Mode win,
191856 g8 a13lzon 12.€ 3.5] 21.0¢1.35 {3050 cohmsive] £0-7%
101884 10¢ $73i22) 12.¢ 12.5 26.82..0 | 2230  cohestive] 60-7C
191853 102 aryleool 12,6 ja.s) 27.701.7 {to20{cohestve| 60-75
1318751 5 573{ 209 i2.z 3.5 31.3¢..~ | LS4 cokessel  HU-75
191:75-27 1€ L1if2un 2.4 1,5] 32.€20.3 [ L730icohesive| £0-75
191855 it 734230 1z.% 3.5 29.3=0.9 | «4zSdjcshestve| €7-75
19189811 200 8731200 1z.% J.E| 27.8:0.7 | 4C3D| ccrentive, £7-7%
“19:488-21 1c L73]20¢ 2.8 3.5] 26.121.1 | 2r29lcchesivey £0-75
2C45009-1 122 <7T3{20C ..8 j0.5} 3..1:1.% 1210} conmsive, 59-7%
262509-21 20D 373260 3.¢ 1.¢] 25.8272.6 | 4320| cones’va| 50-75
207509-3f 100 47312C% 4 1.5] 23.5¢c.6 | 4860] cohesive] 60-73
2c2503-L1 100 a73{2C5 7.7 2.0 3n.2=m.1 | 839¢| conesive| 6C-75
2725C5-5] 100 473200 9 .31 33.0:0.7 | 479cC| cotesive] 60-75

222509-61  15¢C 4721203 10.% 3.0] 35.2¢3.,2 |51CClconesive| 6C0-75 )
2025C9=7 10c 472t200 12.& 3.5] 33.4:21.7 4840] coresive €C-75
202ez2 10C L73123) 10.5 3.¢f 29.220.8 | 3222 conesive| £9-75

d-91827-1) 1ce L73i200 12.¢ 3.5/ 29.%t1.3 2283 coresive| €93-7% ’
1318€7-2 98 731220 12.6 3.5] W.B8:0.3 | 447) cchesive]  50-75
©1218£7.3 56 172250 12.5 3.50 31.620.4 ] 4580 cchestve{ 62-7°
f19587s e t73loonl az.6 3.5 1e.310.7 | 2880) conesive| 60-7s
2c2508-1{ 120 ty73lzen 1246 3.5 3112:9.7 L8520 cohesive| HL-65
ze2508-2| 100 2273 200 2.6 3.5) 30.311i.4 | L26) cotesivel €175
2025CR-21 100 4720230 12.¢ 2.5 27.7:22.5 | 4027 conesivel TI-90

dcure at ceaignated ~emperature preceeded by 1.8 x 103 sees (3.5 nr; ture
_at 388°x {1:5°7)
Jhverage of 3 specirens
én,m'- DA recrys-ellized from ethanol
Alunlrum specimens sublectsd to extensive degreasing relative to ‘hnsxe .sed
for sample 191E55
A_uninum epecimens sand blasied, degreased and stored For 10 nonthes prior
to use
rAluminzm specinens sa2nd blasted, degreassd and used imredincely
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These data prompted 2 rore thorough study of the effect
cf primers on adhesion in the alumina filled systems.
The primers chosen were the functional silanes and they
were used on both the filller and adherend. A filier
level cf 20 welght percent was chcesern Ter the study.

“hree functione. silanes capable of reacting with an
epoxy adnesive, y-arinoopropyltriethoxyzilane (A-1100},
y-glycidoxypropyltrizethexysilane (A-187) and B-(3,k-
enoxycyclohexyl)ethyltrinethoxyslliane (A-156), were
evaluated as primers for the adnererd in an unfilled
system to es=ablish baselines for the filler study. Tre
Gata show vary little difference in tensile shear
strengths tut suggest the use of A-1100 or no primer to
pe 3lightly better than the epoxy drimers. These data
are given 1n Table VI, sarples 202528~1 thru 4. The same
batch of adhesive was used for all four samples.

When 20 weight percent alumina was included in <he adhe-
sive formilation, the use c® adherend primers did not show
any benefic. In a2ddition the tensile shear strengths
dropped from the 29-22 x 106 N/m2 (4200-4600 psi) range
to 16-17 x 10% N/m?2 (2300~-2450 psi). These &ata are
given Zn samples 202530-1 thru 4 of Table VI.

Addition of prirers on the surface of the alumina filler
increzsed the tensile shear strengths to 20-22.2 x 106
N/m?2 (2920-3200 psi) as shown bty the data fcr samples
202527-1 taru &, TableVI. All three primers, A-1100,
£-187 and A-186, resulted 1in increased strengths when
used as filler surface treatments with the use of A-187
showing slightly more increase (€ x 10¢ N/m2) than the
other two. A comparison of samples 20253C-~4, 202530-1,
2025271 and 202527-2 snows that use ol primer cn the
filler increases the tensile snear strength abcuat 4 x
1986 N/m? irregardless of whether primer 18 used cn the
adherend. The same type of result is true for the other
two primers also. 3irnce adhesive fallure is ncted in
221 cases, 2t i1t not readily understocd why the increased
adnesion between the resin and filler that is prctably
obtained should effect the adhesion of the epoxy to the
adherend. It 1s possible that cohesive failure is
occurring and our viscal examinaticns do not detect it.

The use of z2luminum powder ags a flller was studied in
the same manner acs the alumina using primer cn beth the

7iller and adherend. In the case of this filler slightly
petter ternsile shear 3trengths were cttalnec using

15

® MONSANT(C RESEARCH CCRPORATION @




primers on the acherend with A-1100 being the best prin-
er. Also the strengths ¢f the adhesives containing 20
weight percent aluminum were only 3 to 5 x 108 N/m? 1less
than unfilled adnesives in centrast to the 13 to 15 x 108
N/m2? decresase found with Al,0,3 filler., These data are
shown in samples 202530-5 thru 8 of Teble VI.

Use of primed aluminux filler gave 2 slight increace

in tensile shear strength when any of the three primers
were used, witn A-186 giving the greatest increase in
strength. This can be devermined by comparing sample
202530=-5 with 202529-1, 3 and % and sample 202530-8
with 202%29-2, 4 and € as presentad in Table VI. Cohe-
sive fallure was noted for zll <he alurminuz filled ad-
hesives,

The effect of incregsing the aluminum content t£2 35 and

50 weight percent was slight. The tensile shear strengths
dropped to atout 27.5 x 10% N/m2 (4000 psi) as shown by
the data for samples 202%532-1 and 2 of Table VI,

The effect of curing agent structure or. an 2luminum fililed
adrhesive was evaiuated using 20 weight percernt A-18¢
primed aluminum and A-110C as the adherend primer.

The tensile shear strength of the m,m'-MDA-based adhe-
sive was 6.7 x 108 N/m? (1000 psi) mcre than the p,p'-
MDA-based adhesive. The T=-peel strengths were 250 N/m
(1.4 piw) and L05 X/r. (2.3 plw) respectively. The
difference 1in tensile shear strengths i1s about the same

as found previously for an unfilled, unprimed sys-<er
(2.e., 8.3 x 106 N/r2, 1200 psi).

Mcisture Resistance

The meisture resissance of & m,m'-MDA-cured Epon B28 zngd
p.p'~-MDA-cured Epon 828 wzs determined at 12C°F and 95% RH
over a thirty (20) day perflod. The m,m'-MDA-cured adhe-

sive system wes run induplicste. This study was initiated

at a time whenwe were having problems duplicating previosusly
cbtained tensilie shear stirengths so the values are lower than
mizht be expected. The data given in Table VII show that the
m,m'-MDA-cured adhesive maintains beth its tensile shear and
T-peel strengths faZrly well over the 30 day test perfcd. Ten~
sile shear strength decreases of only 200 t0300 81 (less than
10%) were noted for *he m,m'-¥DA-cured adhesive, while the rcis-
ture-induced decrease In tensile shear strengthof the p,p'-MDA-
cured acdhesive was 1130 psi, orover 358 of the initial strength.
Slight increases in peel strength were observed for both asdhe~
sive gystems. These data demonstrate that the m,m'-NDA-cured
system hag considerably more moisture resistance than the p,p'-
MDA system.

17
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Tadle VI
EFFE’ OF PILLERS AND PRIMERS OK EPOXY ADHESIVE STRENITES®

K

&ure *gu‘e 15 1.9 x 10% ge:

at U73°% (200°C}

Averzage cf 3 spec’mens excerpt a3 notsd
Ci-1100 13 yeemiropropyltrietacxysilare
A-187 L8 v-glyciécxypropyltrimethoxys._ane
-186 t& B8-.3,h-epoxycyclohexy. lechyltrimechoxys’lane
A120y was Alcoa Aluxina T-51, average pacrticle size 1 6-14u

Average ¢f 8 spe:imens

bt
@

€A1 was Alcoaz ttcmized Powiler Nc. 123, average particle siz

1s 15-2%4
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Tensile Srteayr Strergeh T-Peel Strength
ller (b (t)

Sery e Wt Suss:xace Pallure [Fai lure
Yo. IMarina | Tyre | ${Prirer] Primer {¥/m2 x 107%| pat Nede N/E | piwy Mode
202528-1 mye  oFBA| as | ee| == ] A-2100° ] 31.820.7 | 4610jconesive| -- |.-- -
A ekih| o= |-l -~ | a-221¢ ] 25.210.9 |8230)conesive! -~ |-- -
~3 mymt -MLA] - | --{ -- a-13€° 25.226.6 | 1230] sorenive| == | = —
ol m, mt WA - .- -~ e 37.322.9 %310 cohesive - - -

|

202830-1) moat MDA [81,040 20 -- | A-liov | 2%.5:0.2 |z390lagnestvel -- |- -
~2f WD R0 20 -- A-127 16,440.3 | 2310) sdhentve] -- | -~- .-
-3 A, m -XDALA2;0, L 20] -- 1 omeI3E 16.020.3 | z32¢ladnacive) - |- -
-ulw m'-FDR|AL.Ca | 20 - — 1€.940.8 2450) e inerym - - -

2025271 m,»' -¥DAAL,Cy | 20]R=1100) A-l23C 22.310.8 2930‘adhesive - - -

2 m,m SKLAIAY;Ce { 20142000 -— 2°.30.8 | 2630ladnesive; -- -- e
~3 e -MTA{r1,C, | 200A-187 | A-ZlCC 2z.6#2.0 | 32%0|adhezive| ~- | -- -
il VDAIRI 0y [ 20]A-2E7 - 2¢.621.49 | 3280|sdnesive| ~- |-~ -
~5{m,m'-KEAJAZCy [ 201A-212 £-1:4C Sl.€22.9 2500 sdhes‘ve - e Lxs
~6]lm,m' -¥TL{AZ,Cy | 20{A-156 - 22.851.9 | 3020!ndhesive| -~ | «- -

. Ay wrok g - . .

2025305 m,m"<MDA| Al 22f -- PR 1) 25.721.« Q-EOQcobeleei O R —
~Gfm,®' MDA Al 20 - A- 187 2€.420.1 3¢320; cohesive, <~ .~ ~—
-Neerewmel A f20] -~ | a-z9€ 29.4$0.6 | 358Cicohesive: - | o= -—

-8l -MDA] Al 291 -- - 24, 820.1 3C¢C0 cohes:veg - - -
|

20252%«"1m, ! =NDA Al 271 A-2100 120 3..5£0.8 4420 conseiver == - -
<2im ' -HDA! &1 20{2-1100 — 25.%21,0 13%60feohenive; -= |- -
~3| o, m ~HDA al 223{A-287 Re1lCQC 23,50,9 4220t cohentve -— - -~
kim,n®-4DA Al 201 -7 87 - 27.72C. « h>2Cleshesive - - -
~Siw,wt-dDa) a1 | 201A-185 ) A-11CO 32.220.3 ! h€70jeohesive; - |-~ --

5l %! DR Al 20ja-"R6 - 28, 4¢0. 4 t2ztlcoherive: w- e -

202532-zf >, %" -NDx Al S1a-86 | A-1.C0 27.420.7 13370 {conhesive; -~ |~- -~

~ife,m' DA i 538A~.86 A-1.C3 27.520.5 43¢t eohesive - - .
h202533_1 p.p =40 Al 27(A-1858 A-71C0 2k, 4%21.0 323C{cohesive | 405¢L5; 2. T lconcsive
h202533-2 =, e - 4DA Al 2014186 A-11C0 3..1£1.2 AL I0jeonestive | 250220 1.4 jconerlve
€C.5 hr) at 28B°K {115°C} fosilowed by i&.¢ % 10% sez (3.5 hrs)
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Strength at Elevated Temperatures

The tensile shear and T-peel sirengths of m,m'=MDA

and p,p'-MDA-cured adhesives were determined at 72,
150 and 250°F. The data show that the m,m'-MDA-based
adhesive has lower modulus than the p,p'-MDA adhes’ve.
The tensile shear strength decreases more and the T-
peel strength Increases more for the m,m'-MDA-based
adhesive than the p,p'-MDA-based adhesive as shown by
the data in Tatle V.III. However, the m,m'-MDA-based
adheslve still has a tensile shear strength equivalent
to the p,p'-MDA-based adhesive at 250°F since it has
higher Initial strength. The difference in modulus of
these two systems at elevated temperatures can also be
seen by examination of Figure 2 in Ref. 1.

Table VIIX

EFFECT OF TEMPERATURE ON EPOXY ADHESIVE STRENGTHS

Tensile Shear Strength T-Peel Strength
N/m® x 10~° N/m
Sample
No. | Diamine 72°F 150°F 250°F 72°FP {150°F |250°F
2025011 m,m'-¥MDA | 26.5£3.5]28.4+2.3] 22.3+1.2 | 250210} 330215{670+90
202507} p,p'-MDA | 18.522.7/16.122.0]21.220.8 | 300£45({ 370250{450=80
Task E. Effect of Structure on Corpcsite Strength

The objective of this task was to establish the effect
of diamine structure on the strength of an epoxy compos-
lte. The diamine used in optimization studies, m,m'~
MDA, was used as the curing agent ard compared with a
psp'-MDA-cured system. Short bteam shear strength was
chosen as the comparisor. test using a 13 ply composite.

The composite layups were prerared by impregnating fcur
irch wide glass cloth in the holder shown in Figure 3
vwhile holding the resin mixture at 1CC°C. The impreg-
nated clcth was then cut into four inch sjquares and
agsembled into the composite as shcwn iIn Figurs 4. The
compoaite was vacuur degassed for 30 minutes in a vacuur
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bag and cured using the same cure schedule as employed
for preparation of adhesive specimens of %he particular
diamine being used. Curs pressure was 0.9 osi. A
separate B-staging of the rec¢sin was found not to bhe
necessary using this layup procedure sinze sufficient
tirme at 100°C was emplcyed to give ‘he necessary vis-
cosity increase. The prccedure from initial mixing cf
the epoxy and diamine through Impregnation of the c¢loth
was done witnhlr 20 minutes since rapid viscosity tuild-
up occurs if the dlamine/ep CXy mixtures are held at 100°C
for much longer than 30 minutes as shown by the data in
Figure 2.

Table IX gives <ha data ob<ained on the m,m'~MDA zand
pyp'~MJA-cured epoxy systems. As can be seer the m,m'-
MDA-cured system has z lit<le rore short beam shear
strength than the p,p'-MDA-cursd system. These differ-
ences may not be real since the other data in Table IX
irdicate slight differences in the two compeosites. In
particular the high void content makes it difficuls <o
assign any significance to the slignht differences ob-
tained. Milcroscople exzamination of the comrosites re-
vealed that %he vclds were present in tne fiter bundles.
Therefore these high vold levels cculd probably have
beer. avolded if the system cculd nave beer cured under
vacuum. FiIgure € 1s a pho‘omicrograpn of the m,m'-NVDA-
cured systern.

3

Table IX

CCMPOSITE DATA ON p,p'~MDA AND m,m'-MDA-CURED COMPOSITEa

Short Bean
Fiber { Resin Average Void Shear
ISample} Curing DensitbententCantenJ Thickness |Volume Strength |
No. | Agent {g/cc) ! (wt )1 (ye$) {inches) 2 N/m* x 10~°

.

202520)p,p'~-MDA} 1.51 65.2 34.8 10,159+0.004 | 14.4 | 28.5t2.1

%rests performed as per ASTM D2344-72, using 12 specimens

23
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Figure €. Photomicrcgragh of m,m’-MDA
Cured Epon 828
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CONCLUSIONS

The cigrnificant increases in tensile shear strength of
my,m'=MDA vs p,p'-MDA found in the first phase of thisgs
project were not found in the m,m'-DADPS vs p,p'-DADPS
series as studled here. However, the occurrence of
cohesive fallure in these adhesives suggests still
greater strengths could potentially be found through
optimization of cure,.

The high melting point andsolubility characteristics ¢”
p,p'-DABP make it difficult to prepare adhesive speci-
meng for obtaining a comparison with the corresponding
meta isocmer.

Protlems found in obtainling reproducible tensile shear
strengths for the m,m'~MDA and p,p'-MDA systems su.ggest
that future s<udles of these adhesives should include
an investigation of the effect of adherend thickness.

Adhesive strengths of m,m'~-MDA-hased adhesives de-

creased slightly by use of alurminum as a filler rela-

tive <o an unfllied systen. Use of prirers on the filler
and adherend were beneficial but the increases in strength
were only a few hundred psi. The use of alumina as a
filler was very detrimental to bond strength altahough
alumina responded to prirers on the Tiller better than
aluzinum.

The m,m'-¥MDA-based evoxy adhesive nhas very good resis-
tance to moisture leosing very little strength (~10%)
over a 30 day test period while & comparable p,p'-MDA
sys<er. lost 2£% of 1its strengt .. The recistance o the
m,m'-MCA system to temperature 1s good although not guite
as good as the p,p'-MDA system probabtly because ¢f the
difference in meodulus.

in addition to the generally teneficial effects of
using m,m'-MDA to cure ercxy adhesives, the use of
«,m'~MDA as a curing agent for epoxy resin resulted in
glass fiber composites with strengths comparable <o
those using p,p'-MDA ae the curing agent.
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